The consideration is presented of possible neutron Lloyd's mirror interferometer experiment to search for strongly coupled chameleon fields. The chameleon scalar field were proposed to explain the acceleration of expansion of the Universe. The presence of a chameleon field results in a change of a particle's potential energy in vicinity of a massive body. This interaction causes a phase shift of neutron waves in the interferometer. There is evidence of the accelerated expansion of the Universe. The nature of this effect is one of the most exciting problems in physics and cosmology. Amongst various ideas proposed to explain this astronomical observation one of popular variants is a new matter component of the Universea cosmological scalar field of the quintessence type [1] dominating the present day density of the Universe (for the recent reviews see [2, 3] ).
There is evidence of the accelerated expansion of the Universe. The nature of this effect is one of the most exciting problems in physics and cosmology. Amongst various ideas proposed to explain this astronomical observation one of popular variants is a new matter component of the Universea cosmological scalar field of the quintessence type [1] dominating the present day density of the Universe (for the recent reviews see [2, 3] ).
Acting on cosmological distances the mass of this field should be of order of the Hubble constant: hH 0 /c 2 = 10 −33 eV /c 2 . The massless scalar fields appearing in string and supergravity theories couple to matter with gravitational strength. Because of direct coupling to matter with a strength of gravitation existence of light scalar fields leads to large violation of the equivalence principle. In the absence of selfinteraction of the scalar field the experimental constraints on such a field are very strict demanding their coupling to matter to be unnaturally small.
The solution proposed in [4, 5, 6, 7, 8, 9] consists in the introduction of the coupling of the scalar field with matter of such a form that in result of self-interaction and interaction of the scalar field with matter the mass of the scalar field depends on the local matter environment.
In the proposed variant coupling to matter is of order as expected from string theory, but is very small on cosmological scales. In surrounding with high matter density the mass of the field is increased, the interaction range is strongly decreased, and the equivalence principle is not violated in laboratory experiments for the search for the long range fifth force. The field is confined inside the matter screening its existence to the external world. In this way the chameleon fields evade tests of the equivalence principle and the fifth force experiments even if these fields are strongly coupled to matter. In result of the screening effect the laboratory gravitational experiments are unable to set an upper limit on the strength of the chameleon-matter coupling.
The deviations of results of measurements of gravity forces at macroscopic distances from calculations based on Newtonian physics can be seen in the experiments of Galileo-, Eötvös-or Cavendishtype [10] performed with macro-bodies. At smaller distances (10 −7 − 10 −2 ) cm the effect of these forces can be observed in measurements of the Casimir force between closely placed macro-bodies (for review see [11] ) or in the atomic force microscopy experiments. Casimir force measurements may evade to some degree the screening and probe the interactions of the chameleon field at the micrometer range despite the presence of the screening effect [9, 12, 13] .
At even smaller distances such experiments are not sensitive enough, and high precision particle scattering experiments may play their role. In view of absence of electric charge the experiments with neutrons are more sensitive than with charged particles, electromagnetic effects in scattering of neutrons by nuclei are generally known and can be accounted for with high precision [14, 15] .
As for the chameleon interaction of elementary particles with bulk matter, it was mentioned in [16] that neutron should not show a screening effect -the chameleon induced interaction potential of bulk matter with neutron can be observed. It was proposed also in [16] to search for chameleon field through energy shift of ultracold neutrons in vicinity of reflecting horizontal mirror. From already performed experiments on observation of gravitational levels of neutrons the constraints were obtained in [16] on parameters, characterizing the force of chameleon-matter interaction.
Chameleons can also couple to photons. In [17, 18] it was proposed to search for the afterglow effect in a closed vacuum cavity resulting from chameleon-photon interaction in magnetic field. The GammeV-CHASE [19, 20] and ADMX [21] experiments based on this approach are intended to measure (constrain) the coupling of chameleon scalar field to matter and photons.
In the approach proposed here only chameleon-matter interaction is measured not relying on existence of the chameleon-photon interaction. It is based on the standard method of measurement phase shift of a neutron wave in the chameleon-neutron interaction potential.
Irrespective of any particular variant of the theory, test of the interaction of particles with matter at small distances may be interesting.
In one of popular variants of the chameleon scalar field theory [4, 5, 6, 7, 8, 9 ] the chameleon effective potential is
where V (φ) is the scalar field potential:
and ρ is the local energy density of the environment. In these expressions Λ = (h 3 c 3 ρ d.e. ) 1/4 =2.4 meV is the dark energy scale, ρ d.e. ≈ 0.7 × 10 −8 erg/cm 3 is the dark energy density. The chameleon interaction potential of a neutron with bulk matter (mirror) was calculated in [16] :
here λ =hc/Λ = 82 µm.
The Lloyd's mirror neutron interferometer can provide high sensitivity to the chameleon forces in the large β range. Fig. 1 shows the geometry of the Lloyd's mirror interferometer. To decrease strong effect of the Earth gravity the mirror of the interferometer is vertical.
The neutron wave vector k in the potential V is
where m is the neutron mass and k is the neutron wave vector in the absence of any potential. The phase shift due to the chameleon mediated interaction potential of a neutron with the mirror, depending on distance from the mirror, is obtained by integration along trajectories ϕ = k ds = ϕ II − ϕ I , where ϕ I and ϕ II are the phases obtained along trajectories I and II respectively:
and
Here l = (aL)/(a + b) is the x-coordinate of the beam II reflection point from the mirror, γ = (mV 0 L)/(kh 2 ), and α n = (4 + n)/(2 + n). The geometric phase shift
with relative precision better than ab/L 2 . The geometric phase shift linearly depends on position of the interference coordinate b. It means that the interference pattern in absence of any potentials is sinusoidal with high precision: ab/L 2 ∼ 10 −8 at a ∼ b ∼ 10 −2 cm and L = 100 cm. The phase shift from the chameleon neutron-mirror potential
For non-strictly vertical mirror the component of the Earth gravity normal to the surface of the mirror produces the potential V gr = cmgz, where g is the gravitational acceleration, and the coefficient c depends on the angle θ between gravity vector and the mirror plane. At θ = 10 " , c ≈ 5 × 10 −5 .
This linear potential leads to additional phase shift
calculated in analogy with Eqs. (6-9) .
The Coriolis phase shift due to the Earth rotation [22] is
where Ω is the vector of angular rotation of the Earth and A is the vector of the area enclosed by the interferometer's beams. As A = (abL)/(2(a + b)), for the Institute Laue-Langevin geographic position (where good very cold neutron source has been constructed [23] ) we have ϕ Cor = 0.16(abL)/(2(a + b)) rad (a,b,L in cm). As expected it is similar to the gravitational phase shift in its dependence of the slit and the interference coordinates.
We should calculate also the phase shift of the neutron wave along the beam II at the point of reflection. Neglecting imaginary part of the potential of the mirror, the amplitude of the reflected wave is r = e −iϕ ref l , with the phase
where
Here k norm is normal to the mirror's surface component of the neutron wave vector, and k b is the boundary wave vector of the mirror. This phase shift linearly depends on b similarly to the geometric phase shift ϕ geom . The reflected and non-reflected beams follow slightly different paths in the interferometer. Therefore in the vertical arrangement of the reflecting mirror they spent different times in the Earth's gravitational field ∆t = 2ab/(Lv). The difference in vertical shifts of the reflected and non-reflected beams is ∆h = 2gab/v 2 , and the phase shift due to this difference
At our parameters of the interferometer this value is of order ∼ 10 −4 . The total measured phase shift is
The gravitational phase shift can be suppressed by installing the mirror vertically with highest possible precision. On the other hand the gravitational phase shift may be used for calibration of the the interferometer by rotation around horizontal axis.
The phase shifts due to the Earth rotation ϕ Cor and reflection ϕ ref l may be calculated and taken into account in analysis of the interference curve.
Figs. 2 shows the calculated phase shift ϕ cham for an idealized Lloyd's mirror interferometer (strictly monochromatic neutrons, width of the slit is zero, detector resolution is perfect) with parameters: L=1 m, a = 100 µm, the neutron wave length λ n =100Å, (the neutron velocity 40 m/s), β = 10 7 , at n=1 and n=6. Shown also are the gravitational phase shift ϕ gr at c = 5 × 10 −5 , and δϕ ref l = π−phase shift of the ray II at reflection (k b = 10 6 cm −1 ). It is essential that searched for the phase shift due to hypothetical chameleon potential depends on the interference coordinate nonlinearly and has to be inferred from analysis of the interference pattern. Fig. 3 demonstrates the calculated interference pattern for the same parameters of the interferometer: 1 -all the phase shifts are taken into account: of the chameleon field with matter interaction parameters β = 10 7 and n = 1, the gravitational phase shift ϕ gr at c = 10 −4 , the Coriolis phase shift, and the phase shift of the ray II at reflection
6 cm −1 ); 2 -the same, but excluding all the phase shifts except the geometrical and the chameleon induced phase shifts; 3 -all phase shifts excluded except purely geometrical. In the latter case the interference pattern should be strongly sinusoidal with period of oscillations determined by the geometric phase shift: Λ = λ n L/(2a). The number of oscillations in an interference pattern with the coordinate less than b is n osc = 2ab/(λ n L).
The spatial resolution of the position sensitive slow neutron detectors is at the level 5 µm with electronic registration [24] and about 1 µm with the plastic nuclear track detection technique [25] .
It follows from these calculations that the effect of the chameleon interaction of a neutron with matter may be tested in the range of strong coupling at the parameter of interaction down to β ∼ 10 7 or lower.
Existing constraints on the parameters β and n may be found in Fig. 1 of Ref. [16] . For example the allowed range of parameters for the strong coupling regime β 1 are: 50 < β < 5 × 10 10 for n=1, 10 < β < 2 × 10 10 for n=2, and β < 10 10 for n > 2. It is seen that the Lloyd's mirror interferometer may be able to constrain the chameleon field in the large coupling area of the theory parameters.
From [23] where the phase density at the PF-2 VCN channel in ILL was measured to be 0.25 cm
(m/s) −3 at v=50 m/s it is possible to estimate the VCN flux density: φ V CN = 9.3 × 10 4 cm −2 s −1Å−1 . On the other hand [26] gives for the same channel larger value: φ V CN = 4 × 10 5 cm −2 s −1 (m/s) −1 . Using the Zernike theorem it is possible to calculate the width d of the slit necessary to satisfy good coherence within the coherence aperture ω, i.e. the maximum angle between diverging interfering beams: x = πωd/λ n ≤ 1, if to irradiate the slit with an incoherent flux. As ω = 2b/L, d ≤ Lλ n /(2πb) ∼ 2µm at b = 1 mm (20 orders of interference at the period of interference Λ = λ n L/(2a) = 50µm at a = 100µm).
At the monochromaticity 5Å(the coherence length l coh = 20λ n ), the slit width 2 µm, the length of the slit 3 cm, the divergence of the incident beam determined by the boundary velocity of the VCN guide 7 m/s: Ω = 7/100 = 0.07, the interference aperture ω = 2b/L = 0.2/100 = 2 × 10 −3 , so that ω/Ω = 0.03, we have the count rate to all interference curve with a width of 1 mm (20 orders of interference):
In a one day measurement the number of events in one period of interference is ∼ 10 5 . It is more than enough to measure the phase shift of ∼ 0.1 corresponding to the effect at β = 10 7 . In the interferometers of the LLL-type [27, 28] an interference pattern is obtained point by point by rotation of a phase flag introduced into the beams. In case of the VCN three grating interferometers (for example [29, 30, 31] ) the phase shift between the beams is realized by the same method or by shifting position of the grating. Distinctive feature of the Lloyd's mirror interferometer is the possibility to register all the interference pattern simultaneously along z-coordinate starting from z=0. The measured interference pattern is then analyzed on the subject of presence of the searched for effects, after corrections on known gravity, Coriolis, and reflection phase shifts.
The experiment may be performed with monochromatic very cold neutrons, or in the time-offlight mode using large wave length range, for example 80-120Å. The pseudo-random modulation [32, 33] is used in the correlation time-of-flight spectrometry. It was realized in the very low neutron energy range [34] . In this case a two-dimensional: interference coordinate -time-of-flight registration gives significant statistical gain.
As in the VCN interferometers based on three gratings in the Lloyd's mirror neutron interferometer the space between the beams is small (parts of mm). Therefore it hardly can be used in experiments where some devices are introduced in the beams, or between the beams (for example to investigate non-local quantum-mechanical effects). But it may be applicable to search for short-range interactions when they are produced by reflecting mirror.
We may estimate sensitivity of the LLL-type interferometer to the chameleon potential. The phase shift in this case is
where a is the half distance between the beams of the LLL-interferometer. The sensitivity of the Lloyd's mirror and the LLL-interferometers is determined by the factor La αn−1 /k, which is much in favor of the Lloyd's mirror interferometer.
There are strong demands to flatness and waviness of the reflecting mirror: waviness of 10 −6 rad causes spreading of the interference picture of 5 × 10 3 rad at the parameters of interferometer of Fig.  2 .
Significant potential to measure possible new neutron-matter interactions has the recently tested resonance method of measuring the difference between the neutron gravitational levels [35] . Sensitivity of this method depends on the resonance width determined by the neutron flight time above the mirror. In [35] this time was about 15 -25 ms. To increase this time neutrons should be stored above the mirror in closed cavity, which will strongly decrease the measured intensity.
Previously the capability of the Lloyd's mirror neutron interferometer for the search for hypothetical axion-like spin-dependent forces was considered in [36] and for the search for short-range non-Newtonian gravity in [37] . 6 cm −1 ); 2 -the same, but excluding all the phase shifts except the chameleon induced phase shift; 3 -all phase shifts excluded except purely geometrical.
